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ABSTRACT 

We present four new planetary nebulae (PNe) discovered in the Small Magellanic Cloud 
(SMC) from deep UK Schmidt telescope (UKST) narrow band Ha and broad-band short-red 
“SR” continuum images and confirmed spectroscopically. All new PNe show strong [N Il]/Ha 
ratios in their spectra. We describe and detail the process of PN candidate selection based on 
wide-held multi-wavelength imaging of the SMC and our subsequent spectroscopic confir¬ 
mation and classification. We carefully reviewed archived information and available imagery 
for previous SMC PN detections and various other types of emission objects in the SMC as a 
training set to help identify new PN candidates. These 4 preliminary discoveries provide a 4% 
increase to the previously known SMC PN population of ~ 100. Once spectroscopic follow-up 
of all our newly identified SMC PN candidates is complete, we expect to increase the total 
number of known SMC PNe by up to 50%. This will permit a significant improvement to de¬ 
termination of the SMC PN luminosity function and enable further insights into the chemical 
evolution and kinematics of the SMC PN population. 
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1 INTRODUCTION 


Planetary nebulae (PNe) represent an important but brief 
(~25,000 year), late stage of stellar evolution experienced by most 
low- and intermediate-mass stars (~l-8Mg). They play a cru¬ 
cial role in understandin g various a spects of late stellar evolu¬ 
tion, such as mass loss dlbenl 119951) and the subsequent inter¬ 
stellar enrichment by the products of nucleosynthesis like Oxy¬ 
gen, Nitrogen and dust. Their ionised gas shells exhibit numer¬ 
ous, strong emission lines that are excellent laboratories for un¬ 
derstanding plasma physics. PNe are visible to great distances due 
to these strong lines that permit determination of nebula size, age 
and expansion velocity. The luminosity, temperature and m ass o f 
their central stars (CSPN) can als o be estimated dPreite-MartinezI 
1 19931 : iGruenwald & Viegasll2000l). as can the chemical imposi¬ 
tion of the ejected gas dStanghellini. Shaw & Gilmorej|200j) . De¬ 
termining PNe radial velocities also allows us to trace the kine¬ 
matic properties of their host galaxies. Their complex morpholo¬ 
gies provide clues to their formation, evolution and mass-loss pro¬ 
cesses. This shaping is thought to result from a variety_of mech¬ 
anisms, including radi ation-driven stellar winds dBalic k & Frankl 
1 20021) . CSPN b inaritv dDe Marcoll2009l: iMiszalski et aj]|2009allbl) . 
mag netic fields l Blackman et all2o'oi ) and sub-stellar PN compan- 
ions dDe Marco & Sokedl201 1 1) . 

Knowing PNe distances is key since important physical 
quantities like total nebular mass, luminosity and evolutionary 


* E-mail.danica.draskovic@mq.edu.au 


states of the CSPN, as well as the physical extent of inner 
shells and outer haloes are distance dependant dCiardullo et alj 
Il999l) . However, study of Galactic PNe suffers fro m sev ere prob- 
lems with distance determinations 1 van de Steene & Ziilstra|[l994l : 


iBensbv & Lundstromll2001 ; Smithlj20151) though signifi cant recent 

progress has been made jFrew, Parker & Boiicidl2015h . Strongly 
varying dust obscuration across the Galactic plane and the pres¬ 
ence of significant non-PN mimics have also bi ased studies base d 
on previous Galactic PN catalogues, e.g. see lFrew & Parked d2010l) . 
These distance and extinction problems are largely circumvented 
by studying PNe in nearby galaxies with well determined distances 
and extinctions such as the Large and Small Magellanic Clouds 
(LMC and SMC respectively). They are sufficiently close for de¬ 
tailed individual scrutiny by ground and space-based t elescopes 
such as the Hubble Space Telescope (11STi dStanghellini et alj2003l : 
IShaw et aPl2006 ). Studies between PNe residing in galaxies with 
different morpholo gies, m etallici ties, star forming history and 
chemical evolution dMagrinfeOQq ) can also be valuably performed 
and would benefit from having statistically significant samples for 
comparison. 


Population synthesis shows that a PN population, scaled to 
completene ss limits, c orre lates with the visual magnitude of the 
host galaxy iMa grini et al.l2003l) . This allows the PN specifi c lumi¬ 
nosity rate to be estimated for various local group galaxies (Jacobv 
1980). Based on the theore tical luminosity-s pecific PN density, 
iBuzzoni & Amaboldil |2006|) and iReidl d2012l) used best determi¬ 
nations of bolometric luminosities and the current number of PNe 
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known in local group galaxies to provide an estimate of the number 
of Local Group PNe that may yet be found. 

The LMC cur ren tly h osts <^740 confirmed PNe 
jReid & Parked l2006dlbl 120131: iReid 120141) compared to the 
800-900 expected from population synthesis, while the SMC only 
has ~100 comprising only ~46% of the expected total of ~216 
d Jacoby & De Marcol 120021 ) for a complete survey (8 mag down 
the PNLF). More lo cally the Sagittarius Dwarf Galaxy (SagDG) 
dZiilstra et al.1 l2006h only has 4 currently known PNe. We have 
identified several further SagDG PN candidates using similar 
techniques to those we have described here (Draskovic et al., in 
preparation). 

Here we are concentrating on the SMC wh ose accurat ely 
determined distance of 61±1 kpc ( iHilditch, Howarth & Harriesi 
l2005t) allows derivation of true PNe physical parameters from their 
optical spectra and other observed properties. This makes them 
powerful tools for studies of late stage stellar evolution in this ex- 
tragalactic environment of different metallicity to both our Galaxy 
and the LMC. Line of sight dimming towards the SMC by inter¬ 
vening gas and dust is also generally low and uniform, enabling 
absolute nebula luminosity estimates, while the SMC itself is suffi¬ 
ciently small in angular size (~ 320' x 185') that it can be easily 
studied in its entirety with current wide-field survey CCD cameras 
with modest numbers of exposures. 

In this pilot paper we present discovery of our first 4 spectro¬ 
scopically confirmed SMC PNe uncovered from a uniform, arcsec- 
ond resolution, deep, ~5-Rayleigh (R equ i v ^21) Her and matching 
SR-band map of the SMC. A key motivating factor in uncovering 
significant new SMC PNe is in the provision of the most com¬ 
plete SMC planetary nebulae luminosity f uncti on (PNLF) possi¬ 
ble, akin to that produced in the LMC by IReid & Parked d2010h . 
The exponential fit to the PNLF bright end cut-off has been shown 
to provide an absolute magnitude fiducial that is a powerful stan¬ 
dard candle, on a par with the best cosmological distance indica¬ 
tors such as Cepheid variable stars, but can probe further ou t to 
the Virgo and Coma galaxy clusters and beyond I Ciardul lo et alJ 
I2002L [20CL^ : ICiardull(jl20 1 Gil . It also provides clues to the underly¬ 
ing nature of the host galaxy’s entire PN population as it represents 
an effective co-eval snapshot of all progenitor stars currently going 
through this brief evolutionary phase and the dominant different 
mass and age pop ulatio ns that are present and now being revealed 
feadenes. Maoz & C2iardul 1 0 II 20 1 51) . Our anticipated expanded list 
of known PNe in the SMC, by up to 50%, will permit more extreme 
ends of the PNLF to be explored, provide a more complete SMC 
PNe sample for detailed study that includes lower-surface bright¬ 
ness, more evolved and previously under represented PN evolution¬ 
ary stages. 

This paper is structured as follows. In section 2 we provide 
some basic background on the known SMC PNe population, in sec¬ 
tion 3 we outline the multi-wavelength processes we have adopted 
to uncover new SMC PNe candidates from our data and vett pre¬ 
vious PNe compilations. In section 4 we present the spectroscopic 
confirmation and analysis of our preliminary sample while some 
brief discussion and our conclusions are given in section 5. 


2 THE MAGELLANIC CLOUDS AND PREVIOUS SMC 
PN SURVEYS 

The Magellanic Clouds are part of a much larger system, in¬ 
cluding the Magellanic Bridge, the Interface Region, the Magel¬ 
lanic Stream and the Leading Arm dBriins et all20051 ). Both galax¬ 


ies are classified as dwarf irregulars, with well determined dis- 
tances: ~50 ±3 kpc for the LMC jMadore & Freed mar] 1 1 9981 : 
iMould et al.ll2000l: IReid & ParkeJl2006a ) and ~61±1 kpc for the 
SMC 1 Hilditch, Howarth & Harriesi 200) ). 

The Magellanic Clouds contain a large reservoir of gas and 
their gas to dust ratios are higher by factors of ~4 in the LMC 
a nd ~ 17 in the SMC compared to our own Galaxy dKoornneell 
11984h . They are rich in a variety of both stellar, compact and re¬ 
solved emission-line sources. These include Luminous blue vari¬ 
ables (LBVs), symbiotic stars, Cataclysmic variables (CVs), Wolf- 
Rayet stars (and shells), Supernova remnants (SNRs), super bub¬ 
bles, compact Hll regions and PNe. The number of known LMC 
PNe has been significantly increased in recent years fro m <^3 00 to 
~900 largely due to the major discoveries made by IReid & Parked 
d2006alfbh based on very similar detection techniques to those pre¬ 
sented here. However, the number of known PNe in the SMC has so 
far remained modest (~100). Moreover, the current sample consists 
of quite a heterogeneous compilation obtained from surveys which 
differ in depth, selection technique, resolution and areal coverage. 
This has limited their use for representative SMC PNe population 
studies and associated and accurate estimation of key PN param¬ 
eters for a statistically significant SMC PNe sample. It is crucial 
to meaningfully study their evolution, the stellar evolutionary his¬ 
tory of the SMC, the enrichment of the interstellar medium and the 
mass-loss history of their CSPN. These factors have helped moti¬ 
vate this current project. 


2.1 SMC PN surveys 

The earliest work on the SMC PN population was undertaken with 
a variety of modest aperture, wide-fi eld, Schmidt - type telescope s 
fitted with objective p rism disperser s (Heniz e 1956l : lLi ndsavl 196 ll ). 
The first major study (Henize 195^) published the positions of 236 
emission-line stars and 532 emission nebulae in both Magellanic 
Clouds. Twenty of the nebulae in the SMC were lis ted as PNe while 
nine were considered to be good PN candidates. iLindsavl dl96lh 
produced a catalogue of 593 ’unresolved’ emission-line objects in 
the SMC, of which 26 are considered to be PNe and 13 are probable 
PNe. 

ISanduleak. MacConnell & Philird ( 11978h later published an¬ 
other catalogue, based on a collection of various types of deep 
objective-prism photographic plates, listing 25 sources as PNe and 
only three as PN candidates. Ijacobvl ( 1 198dh reported 8 known PNe 
and 19 candidates, while the work of ISanduleak & Peschl dl98 ih 
added 6 more candidates. Low dispersion objective prism spectra 
are indicative at best and a significant number of objects from these 
catalogues have never undergone proper higher-resolution spectro¬ 
scopic confirmation. Sometimes, the presence of emission lines 
other than Ha was enough for a source to be previously classified 
as a PN dLindsavl 1 196 lh . In many cases the presence of a contin¬ 
uum together with the Ha line was sufficient for the object to be 
classified as an emission-line star rather than a PN. Furthermore, 
a number of objects have only been observed once at low resolu¬ 
tion jMoreanll 1995 ) without important diagnostic line ratios being 
resolved. 

Most recently, Ijacobv & De Marcol d2002t) using the ESO 
2.2m telescope with the 8Kx8K mosaic CCD camera, surveyed 
2.8 deg 2 of the central SMC region searching for faint PNe using 
on and off-band [OIII] imaging and follow-up confirmatory spectra 
of candidates with the CTIO 4m telescope. They reported 59 con¬ 
firmed PNe including 25 new discoveries which still represent the 
single, largest increase in SMC PNe till now. They note a high in- 
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cidence of new, faint PNe exhibiting strong [N Il]/Ha ratios com¬ 
pared to that seen in the previously known ‘brighter’ SMC PNe 
population. They attribute this to a selection bias to favour chem- 
ically enriched Type I PNe jKinesburgh & Barlow! 11994) from 
higher mass and therefore younger progenitors being both shorter 
lived and partially self-obscured by dust and so harder to detect. 


3 A NEW POPULATION OF SMC PNE 

SMC PNe are an effectively co-located population in a coherent 
system at known distance. As Ha emission alone cannot distin¬ 
guish between many emission- object types and considering [O III] 
emission is weak or even absent in some low excitation PNe or 
those that are heavily obscured dFrew & ParkedfloTol ). a different, 
systematic approach is required. This is both to confirm the verac¬ 
ity of many of the previously identified SMC PNe currently lacking 
unambiguous spectroscopic confirmation and to uncover new can¬ 
didates. We have adopted a multi-wavelength approach. First we 
used a deep, narrow-band, arc second resolution Ha and matching 
broad-band “SR” survey of the whole SMC to identi fy primary can- 
didates. This map was created by SuperCOSMOS dHamblv et alj 
l2001bh scans of original, high-quality Techni cal-pa n photographic 
Ha imagery from the UKST (see Parker et al. l2005l for general de¬ 
tails of the UKST Ha surveys and Parker & Bland-Hawthorn fl998l 
for details of the narrow-band filter). 

We then combined this with other available optical and mid- 
infrared (MIR) data to detect both low-excitation PNe candidates, 
extend PNe searches to fainter limits and to identify likely contam¬ 
inants. Our broader goals are to provide a more spatially complete 
and refined catalogue of PNe with mimics removed and to identify 
many other emission objects (EmOs) across the SMC. 

3.1 Re-evaluation of the known SMC population 

To create a more complete and reliable inventory of the currently 
known SMC PNe population, we first evaluated the content of 
all previously published SMC emission-line catalogues, including 
those that include EmOs in general. This was due to the possibility 
of uncovering PNe mis-classified as some other emission object- 
type. At the SMC distance most PNe are very compact/barely re¬ 
solved and there has been confusion in the literature about the iden¬ 
tities of many SMC emission line sources. Application of our en¬ 
hanced candidate identification and mimic elimination techniques 
based on the work of Frew & Parker 1201(3 together with the avail¬ 
ability of new optical and multi-wavelength SMC imaging affords 
fresh opportunities for critical re-evaluation. The ten most compre¬ 
hensive SMC emission object catalogues available in the literature 
and selected for review are listed in Table |T| They are of varying 
quality and integrity in terms of positional accuracy and identifica¬ 
tion and with samples that strongly overlap between catalogues so 
a critical re-evaluation is definitely worthwhile. 

All catalogues of existing EmOs were cross checked against 
each other by their reported coordinates and previous classifica¬ 
tions, and then referred back to our new Ha SMC image map. If 
two sources had similar but slightly different coordinates they were 
considered to be the same object if only one clear emission source 
was evident in our own Ha data at or near the reported location. 
Conversely if a catalogued source had no apparent emission equiv¬ 
alent in our data or related imager^e.g. from the Magellanic Cloud 
Emission-Line Survey (MCELS l lSmith et al.1 d 20051) . then its iden¬ 
tity as a true emission-line source is called into question. Detailed 


results from this evaluative study will be presented in a later paper. 
An astrometric WCS grid, accurate to ~ 0.2", has been carefully 
applied to our digital Ha and ‘SR’ SMC maps following standard 
SuperCOSMOS procedures, e.g. lHamblv et ahl fcOOlbllah This co¬ 
ordinate system provides the basis for all new and previously iden¬ 
tified PNe presented in this and our subsequent papers. 

As a result of this careful cross-checking, a unique list of 247 
objects, including PNe, emission line stars, red giant branch stars, 
asymptotic giant branch stars, spectroscopic binaries and other mis¬ 
cellaneous EmOs were compiled. These objects were then divided 
in two groups. The first comprising 96 PNe (either previously con¬ 
firmed or previously identified as a PN candidate) and the second 
151 miscellaneous EmOs, such as young stellar objects, various 
types of emission line stars, Hu regions, SNRs, etc. This was based 
primarily on whether they have spectroscopic confirmation, either 
when they were first identified or in subsequent investigations, and 
secondly on the published likely identification and/or evidence sup¬ 
plied to support a given classification. 


3.2 Discovery Technique 

We have carefully examined the UKST Ha on-band and contem¬ 
poraneous broad-band red continuum ‘SR’ digital image data for 
over 120 deg 2 centred in and around the SMC. As a result we 
have uncovered a new population of over 50 SMC PNe candidates 
while also calling into doubt the veracity of some previously re¬ 
ported SMC PNe. Our search process adopted the same powerful 
and pro ven colour merging tec h nique successfully applied to the 
LMC bv lReid & Par kerl j 2(X)6aiiTl 1 20 1 .4 Using the KARMA visu¬ 
alisation software package, we surveyed ten fields, each ~ 4° x 3° 
in size, covering the main body and the outskirts of the galaxy. We 
created merged false-colour images of all ten fields, combining Ha 
(coloured in blue) and broad-band (coloured in red) images. The 
images were then overlaid with annotation files containing the po¬ 
sitions of all previously known 247 cross-checked emission objects 
of all kinds. This enabled us to easily determine the merged colour 
appearance of true PNe and other types of EmOs. 

All ten fields were systematically searched by visual scanning, 
looking for a faint, compact or barely resolved objects. By care¬ 
fully choosing the image combination parameters we could per¬ 
fectly balance the intensity of Ha and broad-band red matching 
images. This allows only specific features of one or other pass-band 
to be observed, because the long 3 hour Ha exposures and short 15 
minutes broad-band SR exposures are well matched to depth for 
continuum point sources. In our chosen pass-band merging scheme 
emission objects such as PNe and HII regions appear with a uni¬ 
form strong blue colour, whereas normal continuum stars are a uni¬ 
form pink-purple colour. Emission-line stars usually have a strong 
continuum component and so are easily detected by the narrow ex- 
tenUqf their blue halos around a strong pink core jReid & Parkerl 
l2006ah . 

The RA/DEC positions of all candidates were recorded in 
12000 coordinates based on the accurate WCS in our data and 
cross-checked for entries in SIMBAE0 using a search radius of 1' 
(due to poor astrometric accuracy of early listings). If no match¬ 
ing astronomical object was found, the source was confirmed as 
a new candidate emission source. This careful scanning of our 
colour-merged Ha/SR imagery provided an initial sample of 67 


1 http://simbad.u-strasbg.fr/simbad. 
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Table 1. Principal SMC PNe catalogues with adopted abbreviations. The column headed ‘Known’ shows the 
number of known PNe retrieved in a catalogue, the column ‘New’ the number of new PN candidates, the 
column 'Total' the total number of PNe and the column ‘Area covered’ the areal coverage of the given survey. 


PNe Catalogue 

Abb. 

Known 

New 

Total 

Area covered 

Henize (19561 

HEN 

20 

9 

29 

15 deg"* 

Lindsay £1961) 

LIN 

26 

13 

39 

~12 deg 2 

Sanduleak, MacConnell & Philip (1978) 

SMP 

25 

3 

28 

30 deg 2 

Jacoby (1980) 

J 

8 

19 

27 

~15 deg 2 

Sanduleak & Pesch (1981) 

SP 

28 

6 

34 

~20 deg 2 

Morgan & Good (1985) 

MG 

34 

10 

44 

36 deg 2 

Mevssonnier & Azzopardi (1993)* 

MA 

49 

13 

62 

3.4 deg 2 

Morgan (1995) 

M 

53 

9 

62 

~ 15 deg 2 

Murohv & Bessell (2000)** 

MB 

23 

108 

131 

49 deg 2 

Jacoby & De Marco (2002) 

JD 

34 

25 

59 

2.8 deg 2 

Total number of current non-overlapping SMC PNe: 

96 



~120 deg 2 


"“Catalogue includes PNe and VLE objects 

* "‘Differences in numbers of newly identified PN candidates are due to different selection technique and larger 
survey area. 


PNe candidates. Many other new emission sources were also un¬ 
covered during this process but they are not included in this sample 
as they are either clearly stellar or have angular (and hence physi¬ 
cal) extents that are large enough to rule out a PNe identification. 


3.3 Multi-wavelength Images and cross-identification 

PNe emission candidates uncovered by careful scrutiny of our 
false-colour Ha/SR imagery were cross-checked against multi¬ 
wavelength data obtained from a range of other available opti¬ 
cal, near-infrared (NIR), mid-infrared (MIR) and radio surveys, as 
listed in Table [2] to see if they were also detected in these data. 
If a PN candidate exhibited evidence of emission line flux in at 
least two of our combined colour image renditions in the optical 
range then it was deemed to be a corroborated candidate. These 
comprised our false colour Ha/SR merged images, the quotient 
image (Ha divided by SR), the SuperCOSMOS broad-band ‘SSS’ 
blue Bj, red R and NIR "I’-band combination or the lower reso¬ 
lution MCELS emission line narrow-band combined colour image. 
MCELS is a deep multiple emission-line CCD survey o f both Mag- 
ellanic Clouds, with images in Ha, [S It] and [O III] I lSmith et al] 
12005}) - In order to allow subtraction of the stellar background and 
leave only emission-line objects, two MCELS continuum-band im¬ 
ages are available. Many of our candidates were independently de¬ 
tected in the MCELS data but due to the faintness of many of our 
new candidates they are generally too faint to be seen in the SSS. 
Some candidates are only detected in our Ha/SR imagery but this 
does not rule them out as being real objects. 

Our PN candidates were also cross-checked for counterparts 
against the Two Micron All Sky Survey (2MASS) NIR image data 
and the sensitive but lower res oluti on Wide-field_ Infrared Survey 
Explorer (WISE) MIR imagery. Iwright et alj }20ld) at 3.4, 4.6, 12 
and 22p.m (bands named W1 to W4) and the Molonglo Galactic 
Plane Survey 2nd Epoch (MGPS2) 843 MHz radio images. These 
data can provide additional di agnostic pow er in cases where mul¬ 
tiple detections are made e.g. IParker et alj ( t2012h . allowing many 
mimics in previous compilations to be identified. 

PNe tend to have a narrow-range of distinctive appearance in 
false-colour images from different surveys that can assist identifi¬ 
cation. For example. ICohen et alj d2007t) have shown that the dom¬ 
inant colours of PNe in their study of Spitzer MIR imagery are 


red, orange and violet when combining the different MIR bands as 
false-colour RGB images. The dominant colours of PNe in Super¬ 
COSMOS Sky Survey (SSS) RGB images are green or turquoise 
due to the significant contribution from the strong [O III] PN emis¬ 
sion line and/or the Ha/[N II] lines in the red band. 

Following this careful cross-check we narrowed the list to 50 
high-quality PN candidates by excluding objects that did not appear 
in any of these other surveys and that also had other image charac¬ 
teristics that indicated they were possible artefacts or plate flaws 
in the Ha/SR data. We selected four candidates for initial spectro¬ 
scopic follow-up during a brief window of opportunity in another of 
our observing runs. The effectiveness of our multi-wavelength se¬ 
lection technique to deliver high quality PN candidates was shown 
by the subsequent spectroscopic PN confirmation of all four pre¬ 
liminary targets (100% success). This is perhaps unsurprising given 
the equivalent high succe ss rate for PN confirmation in the LMC 
bv iRei d & Parker (2006a bj) who used almost identical selection 
technique. Figure[T|displays false colour Ha/SR-band and quotient 
discovery images of these candidates, together with the SSS I, R 
and Bj combined RGB images. Only the first and brightest of our 
new PNe, DPR1, has a clear SSS counterpart though very faint de¬ 
tections of the others are seen. This source is also just visible in 
MCELS but not at the level were its emission nature would have 
been obvious. The adopted naming scheme for our new PNe fol¬ 
lows our usual process of using the surname initial of the key peo¬ 
ple involved in the project - here the first three authors (PhD student 
and two supervisors). 


4 SPECTROSCOPIC CONFIRMATION 

Four PNe candidates from our new compilation named DPR1 to 
DPR4 were observed by one of us (QAP) using the Cassegrain 
spectrograph on the South African Astronomical Observatory’s 
(SAAO) 1.9 m Radcliffe telescope over a 5 night period in March 
2014 in order to test the efficacy of our selection process. The stan¬ 
dard slit-spectrograph was used with a SITe 266 x 1798 pixel CCD 
giving 0.5”/pixel on the slit with a slit scale of 6" I mm. It was 
used with low resolution grating ‘7’ (300 lines/mm with 5A res¬ 
olution and dispersion of 210A/mm) at an angle of 17°24 / . This 
provides a broad spectral range from 3500-7400A which covers 
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Figure 1. Image types from left to right are: Ha/SR merged false-colour, Ho:/SR-quotient and SSS (IR Bj), with DPR1 to DPR4 from top to bottom. Image 
sizes are l.V x 1.1' with North-East to the top left. 















6 Draskovic et al. 


Table 2. Multi-wavelength sky surveys cross-checked. 


Sky Survey 

Wavelength 

Filters 

A c (A) 

AA(A) 

Optical 





MCELS (Smith et al. 2005) 

(498-689) nm 

Ha 

6563 

30 



[SII] 

6742 

50 



[OIII] 

5007 

40 



continuum-band 

6850 

95 



continuum-band 

5130 

155 

SHS (Parker et al. 2005) 

(590-690) nm 

Ha + [Nil] 

6590 

75 



SR 

6445 

1000 

Optical and Near-Infrared 





SSS (Hambl^et al. 2001b) 

(400-900) nm 

Bj 

4450 

94 



R 

6580 

1380 



I 

8060 

149 

Sky Survey 

Wavelength 

Filters 

A c (/im) 

AX(fim) 

Near-Infrared 





2MASS (Skrutskieet al. 2006) 

(1.25-2.16) gm 

j 

1.235 

0.162 



H 

1.662 

0.251 



K s 

2.159 

0.262 

Mid-Infrared 





WISE (Wright et al. 2010) 

(3.4-22) fim 

W1 

3.35 

0.66 



W2 

4.60 

1.04 



W3 

11.56 

5.51 



W4 

22.09 

4.10 

Radio 





MGPS2 (Green 2002) 

~ 35.6 cm 

0 

/ 

/ 


all the strongest PN optical emission lines for a dispersion of 1.8 
A/pixel. 

Appropriate bias frames, arc calibration exposures, dome and 
twilight flat fields and radial velocity and spectrophotometric stan¬ 
dard stars were taken to assist with the standard spectral reduction, 
flux calibration and quality control process. For DPR1, DPR2 and 
DPR4 the slit width was 2". For the more resolved candidate DPR3 
a 3" slit was used to capture more of the object’s flux at the expense 
of a modest reduction in spectroscopic resolution due to the poorer 
seeing during this exposure. For all targets, the same spectrophoto¬ 
metric standard star LTT3864 was observed. 

Exposures were carefully reduced with the Image Reduction 
and Analysis Facility (IRAF) V2.K0 ( Todvl[l~986l . 119931) follow¬ 
ing standard procedures. These steps include frame trimming, av¬ 
erage bias frame subtraction, dome and twilight flat-fielding, cos¬ 
mic ray removal, 1-D spectral extraction, wavelength calibration, 
sky-subtraction and flux calibration. The observing conditions were 
generally stable and the slit width was adjusted according to the 
seeing conditions and in the case of spectrophotometric standard 
star LTT3864, widened to 5” to ensure all flux was collected. 

Each observed candidate was confirmed as an emission line 
source and exhibited no obvious stellar continuum. This eliminates 
confusion with any emission line star for the two compact sources 
DPR1 and DPR4. Each candidate also gave high ratios of [N II] to 
Ha that are not observed in HII reg ions, which are the most likely 
narrow-emission line contaminant i Kennicutt et alj2000l) . Unfortu¬ 
nately, none of the spectra appear to exhibit the [O III] or H/3 emis¬ 
sion lines in the blue. This indicates the possible effects of some 
modest extinction but more seriously the limited blue S/N obtained 


2 IRAF is distributed by the National Optical AsU'onomy Observatory, 
which is operated by the Association of Universities for Research in As¬ 
tronomy (AURA) under a cooperative agreement with the National Science 
Foundation. 


for these faint sources, especially for the more clearly resolved and 
lower surface-brightness candidates DPR2 and DPR3. 

The applied flux calibration is indicative only but measured 
line ratios should be quite reliable in principle due to the close 
wavelength proximity of the lines used, modulo the effects of low 
S/N for DPR2 and DPR3. A summary of observed line ratios (and 
errors), radial velocities and estimated angular and physical size 
for these new PN candidates is given in Table [3] A discussion of 
the results of each observed candidate are given below. 


4.1 DPR1 

The spectrum of this compact, unresolved PN candidate DPR1 is of 
reasonable S/N and exhibits no stellar continuum and only narrow- 
lined Ha A6563A emission and very strong [N II] AA6548, 6584A 
lines. There are no evident [O III] or H/3 lines in the blue or clear 
detection of [SII] in the red. The red emission lines effectively rule 
out confusion with any emission line star or compact H II region. 
For more accurate line ratio determination and possible detection 
of fainter emission lines we intend to re-observe all four candidates 
on a larger telescope. 

The sky spectrum was well determined for this object because 
the angular size of the target was much smaller than the length of 
the spectrograph slit which provides ample adjacent sky regions. 
This is seen by the lack any residual presence of the very strong 
[OI] night sky line at 5577A and also the lack of residuals from 
the weaker [Ol] 6363A line and only a small residual from the 
stronger 6300A line in the red. Hence, one can be confident that the 
observed, low Ha emission is real and not due to an over subtracted 
Ha sky component. In such low resolution spectra the observed 
auroral component at effectively zero velocity and that expected 
for a PN in the SMC of ~160 km/s will not present much of an 
offset. 

Furthermore, any Galactic Ha emission component would 
be very weak at this Galactic latitude (~ —44 degrees) while 
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Table 3. Observing log of spectroscopically confirmed new PNe candidates towards the SMC with observed spectroscopic relative line intensity (F) ratios, 
their radial velocities, angular and physical sizes. 


Name 

RA 

(h m s) 

Dec 

(° ' ") 

Date 

Time 

(UT) 

Texp 

(s) 

F[NII]/F Ha 

< Vr > 
(km/s) 

O n 

(km/s) 

©(") 

upper limit 

d 

(pc) 

Seeing 

(") 

DPRl 

00 54 26.00 

-72 30 59.4 

7 Mar 2014 

17:52:42 

1200 

7.0±0.64 

80 

10 

unresolved 

/ 

2.2 

DPR2 

00 59 47.60 

-72 32 31.4 

11 Mar 2014 

18:01:46 

1130 

2.23=0.80 

169 

4.5 

7.5 

2.2 

2.9 

DPR3 

01 02 55.20 

-72 21 32.0 

9 Mai- 2014 

18:00:10 

1800 

3.73=1.00 

241 

16 

4.5 

1.3 

2.4 

DPR4 

01 04 30.00 

-73 15 10.5 

8 Mai- 2014 

17:59:24 

1200 

7.73=0.75 

167 

18.5 

unresolved 

/ 

2.5 


an examination of Figure Q] indicates absence of any local dif¬ 
fuse SMC emission component. Deblended Gaussian fits were 
applied to the closely spaced [N II] and Ha emission lines to 
provide radial velocity estimates and relative line fluxes for 
measuring the line ratios. A large velocity gradient for dif¬ 
ferent object types is observed in the SMC, ranging from 90 
km/s to 200 krn/s, as shown by iTorres & Carranz a 0198711 and 
IStanimirovic. Stavelev-Smith & Jones! 1 20041) . The DPR1 lines 
provide an average radial velocity of < V r > = 80 km/s, cr n = 10 
km/s and n = 3 (including heliocentric velocity correction) which 
is little low for membership of the SMC. On the basis of our com¬ 
bined imaging and new spectroscopic evidence we identify DPR1 
as a likely Type I PNe , largely due to the very high [N Il]/Ha ratio 
of 7.0 and weak/absent [SII]. Without measurable [Olll] lines in 
the spectrum this object likely falls into the low excitation category 
but the absence of detectable H f3 also indicates the effects of poor 
S/N in the blue. 


4.2 DPR2 and DPR3 

These two low-surface brightness candidates are clearly resolved 
as can be seen in their quotient images in Figure[T] with major axes 
of 7.5 and 4.5 arc seconds respectively (determined from FWFLM 
of the brightness profile), eliminating any possible confusion with 
emission line stars. At the nominal distance of the SMC this corre¬ 
sponds to maximum physical sizes of 2.2 and 1.3 parsecs (with see¬ 
ing estimated at 2.5”) which are at the upper size limit for Galactic 
PN. For example, Frew. Parker & Russeill l l2006l) reported discov¬ 
ery of two highly evolved Galactic PNe, RCW24 and RCW69, with 
physical dime nsion s larger than 5 pc and 1.3 pc respectively, while 
[Pierce et akl i2004l) reported PFP1 with diameter of ~ 1.5 pc. 

Confusion with young SNRs is also ruled out by the ab¬ 
sence of any strong [S II] and hence shocked conditions. Their ob¬ 
served spectra, although noisy, are also very similar. Both have 
high [N Il]/Ha ratios of between 2 and 3 - still well in excess of 
that exhibited by FI II regions. A PN identification for both sources 
is consequently strongly favoured. Gaussian line de-blending was 
carefully applied to the closely spaced [N II], Fla emission lines to 
provide radial velocity estimates and relative line fluxes for measur¬ 
ing the line ratios which in these two cases have larger associated 
errors. The measured radial velocity for DPR2 is < V r > = 169 
km/s, a n - 4.5 km/s, n = 3 and for DPR3 is < V r > = 241 km/s, 
<j n = 16 km/s, n = 3, both with heliocentric velocity correction ap¬ 
plied. The result for DPR2 is in excellent agreement with the SMC 
velocity within the errors while that for DPR3 is about 50 km/s 
high. 

Artefacts from night sky-subtraction due to low S/N are 
present, with contributions from [Ol] AA5577, 6300, 6364A. 
These are removed from the spectra for these two cases so the PN 
emission lines are easier to see. Improved S/N on a large aperture 
telescope is needed to provide other plasma diagnostics as well as 


the ability to work out extinction directly from the Balmer decre¬ 
ment. The imaging and spectroscopic evidence collected nonethe¬ 
less strongly support assessment of DPR2 and DPR3 as PNe. They 
are also likely highly evolved, low-excitation Type I PNe given the 
observed [N Il]/Ha ratios and sizes but the poor S/N prevents de¬ 
tection of H /3 or any [O III] lines. 


4.3 DPR4 

The spectrum of our final candidate DPR4, another compact ob¬ 
ject, has reasonable S/N and exhibits strong [N II] emission similar 
to DPR1. Again there is the absence of any obvious [O III] or H/3 
lines in the blue likely due to low S/N given the strength of H /3. 
Only Ha and [N II]AA6548,6584A lines are present, with the ob¬ 
served [N Il]/Ha ratio of 7.7, the highest of all four candidates. 
Confusion with compact Hu regions or emission lines stars are 
ruled out by the observed narrow lines ratios and the absence of 
any stellar continuum. Again sky subtraction is excellent with no 
residual [OI] at 5577, 6300, 6363A being evident and this process 
does not contribute to any over-subtraction of Ha, while Figure 1 
also shows an absence of any local SMC diffuse Ha emission com¬ 
ponent. 

Deblended Gaussian fits were applied to the [NII], Ha, [NII] 
lines to permit radial velocity estimation and to provide the relative 
fluxes for the line ratio measurement. The average radial veloc¬ 
ity obtained from these lines, including application of the appro¬ 
priate heliocentric velocity correction, was < V T > = 167 km/s, 
(7— 18.5 km/s in excellent agreement with the canonical SMC ra¬ 
dial velocity. As for previous candidates, re-observation of DPR4 
is recommended under better observing conditions and on a larger 
telescope. Our imaging and spectroscopic data strongly support as¬ 
sessment of this candidate as another low excitation likely Type I 
PN. 


5 DISCUSSION & CONCLUSIONS 

We have undertaken a survey for faint PNe in the SMC based 
on careful examination of deep, arcsecond resolution, UKST Ha 
narrow-band and equivalent red band ‘SR’ imaging data. Candi¬ 
dates were selected by a systematic visual search of ten SMC fields 
covering the entire body and the outskirts of the galaxy over an 
~ 14° x 19° area. The discovery process used the effective, proven 
colour merging technique de scribed in detail in secti on 3.2 an d used 
successfully for the LMC bv lReid & Parked d2006al fbL l2013h . False 
colour MCELS and SSS RGB images were created for all candi¬ 
dates to complement the Ha/SR merged colour images and then 
used in cross-checking candidates against a range of other NIR, 
MIR and radio survey data (as detailed in Table O looking for 
counterparts. These comparisons provided strong evidence of false 
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Figure 2. SAAO spectra of newly discovered PNe in the SMC. Top left: low excitation nebula DPR1 with observed high [N II]/Ha ratio. Note the absence 
of [O III] emission lines. Top right: low signal-to-noise ratio (S/N) spectra of low excitation nebula DPR2. Some artefacts of airglow processing remain, but 
nebula [NII] and Ha emission are discernible above the general background noise. Bottom left: low (S/N) spectra of low excitation nebula DPR3. Airglow 
processing artefacts again remain, but nebula Ha and [NII] emission is discernible. Bottom right: low excitation nebula DPR4, again with a high [N II]/Ha 
ratio, similar to DPR1. In common with other candidates, [O III] lines are not detected. 


classifications for many previously identified SMC PNe that cur¬ 
rently lack decent confirmatory spectroscopy. These results will be 
presented in an associated paper. 

The positions of all emission sources uncovered were also 
cross-checked against existing PNe catalogues and general SMC 
ErnOs compilations for previous detections. This enabled the iden¬ 
tification of 50 new PN candidates. Four of these were selected 
for preliminary spectroscopic follow-up and all were subsequently 
confirmed as bona-fide PNe. The positions of all our newly dis¬ 
covered candidates are shown in Figure [3] which gives the SMC 
MCEFS Ha mosaic image overlaid with the positions of the 96 
currently known SMC PNe (spectroscopically confirmed and can¬ 
didates) as red circles, our 46 new candidates as green circles and 
the 4 new PNe confirmed in this study as blue circles. 

The confirmatory spectra for these candidates are all some¬ 
what homogenous. Their observed [N Il]/Ha line ratios are all 
very high ranging from 2 to 7. This rules out any possible con¬ 
fusion with H II regions which never show such ratios, while 
other spectral features exclude confusion with SNRs (absence of 
any [S II] lines) or emission line stars (only narrow-lines and ab¬ 
sence of any continuum). Galactic PNe similar to the new SMC 
PNe uncovered here include the evolved PNe Is We 1, RCW 24 
and WeDe 1. These all exhibit strong [N II] emission and weak to 
absent [Oni] emission llGieseking. Hippelein & Weinbergeil19861 : 

iFrew, Parker & Russeill 120061) and low-luminosity central stars. 
These preliminary results demonstrate the strength and promise of 
our selection technique for providing high quality PNe candidates 


as well as demonstrating the importance of multi-wavelength com¬ 
parison for refining identifications and unmasking mimics. 

Based on these preliminary results, we expect to increase 
the number of SMC PNe by between 20 and 50% after planned 
spectroscopic follow-up of all of our PN candidates and refine¬ 
ment of source identifications of existing SMC emission line cala- 
logues. This work will include multi-wavelength analysis and spec¬ 
troscopic confirmation (or rejection) of SMC emission-objects pre¬ 
viously listed as PNe. Once complete, this survey will permit more 
extreme ends of the PNFF to be explored, especially at the faint 
end, and enable us to study under represented evolutionary stages of 
SMC PNe. It will provide a sample whose detailed study will have 
significant impact on improving abundances and rates of elemen¬ 
tal enhancement in lower-mass stars within a low-metallicity envi¬ 
ronment. Other significant advances will come from the improved 
kinematical data for the galaxy derived from over 300 emission-line 
objects and their accurate radial velocities. 


ACKNOWLEDGEMENTS 

We thank the anonymous referee who provided valuable and de¬ 
tailed comments which have significantly improved the quality 
of the paper. Financial support for this research was provided by 
Macquarie University Research Excellence Scholarship. Danica 
Draskovic would also like to thank Macquarie University for a PhD 
scholarship. We thank South African Astronomical Observatory for 




















Declination (J2000) 


Four New Planetary Nebulae Toward the SMC 9 



Figure 3. SMC MCELS mosaic Ha image with positions of 96 known PNe (confirmed and candidates) (small red circles), 46 new candidates (green circles) 
and 4 new PNe confirmed in this study (large blue circles). 
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